The effects of potential neurohormones on the intracellular concentrations of adenosine 3':5'-cyclic monophosphate have been examined with three clonal lines of cultured glial tumors. In all cases, norepinephrine and isoproterenol produced striking elevations of the intracellular concentrations of the cyclic nucleotide. The response was mediated by a fl-adrenergic receptor. This effect is hypothesized to represent a molecular mechanism for neuronal-glial communication coupled to concurrent communication between neurons.
The nearest neighbor relationship between neurons and glia, the fact that glia comprise 50-90% of the cells of the mammalian nervous system, and the ability of certain types of glia to ensheath axons and synapses of some neurons suggest that neurons and glia may be coupled metabolically.
Coupled receptor-enzyme mechanisms for the regulation of intracellular concentrations of adenosine 3':5'-cyclic monophosphate (cAMP) apparently participate in extracellular communication in a large number of situations. Thus, it seemed possible that compounds of neuronal origin might alter concentrations of cAMP in glia. There is considerable precedent from studies of other cell typesfor mediation by cAMP of a wide variety of both short-and long-term cellular events.
Three clonal lines of glial tumor cells have been described that synthesize the S-100 protein (1) (2) (3) 9) . This protein is specific to the nervous system and has been found in all vertebrates examined, as well as in some invertebrates. These cells appeared to be suitable models for the study of regulation of glial metabolism of cAMIP.
MATERIALS AND METHODS
Three clonal lines of glial tumors were studied. Clones C-6 and C-21 were derived by Benda et al. (1, 2) Prostaglandins were generously supplied by Dr. John Pike (The Upjohn Co.) and sotalol (see Table 2 ) by The Mead Johnson Co. Catecholamines utilized were l-isomers.
RESULTS
The effects of neurotransmitters and other compounds on intracellular cAMP concentrations of clonal rat glial tumor cells (C-6) are shown in Table 1 . The basal level of cAMP in C-6 is similar to that found in many tissues, including brain. However, in the presence of norepinephrine or isoproterenol (N-isopropylnorepinephrine), cAMP concentrations increased more than 250-fold. The level of intracellular cAMP achieved is unusually high; concentrations in excess of this have only been reported for adrenal cortex in the presence of ACTH in vivo (7) . Concentrations of cAMP increased slightly in the presence of prostaglandin E1; other compounds tested were in- active. In addition, prostaglandin El (2.9 uAM) or carbamylcholine (0.1 mM) failed to alter the response to 1 ,uM isoproterenol (data not shown). The time course of the effect of isoproterenol is shown in Fig. 1 . Intracellular concentrations of cAMP were elevated 40-fold after 30 sec and were increased >200-fold from 5 to 15 min. The concentration of cAMP then slowly decreased, although it was still elevated 40-fold after 60 min.
The effect of isoproterenol concentration, in the presence or absence of theophylline is shown in Fig. 2 (8) .
The specificity of the adrenergic receptor was also examined. The relative activities of isoproterenol, norepinephrine, and dopamine are shown in Fig. 3 . Isoproterenol stimulates 3-but not a-adrenergic receptors, while norepinephrine stimulates both receptor types. Both isoproterenol and norepinephrine were highly active. However, as expected for activation of B-adrenergic receptors, isoproterenol was 10-to 100-fold more potent than norepinephrine. Dopamine was essentially inactive, and has not been observed to alter the concentrations of cAMP in brain slices.
The effects of selective inhibitors of a-or j3-adrenergic receptors are shown in Table 2 . The a-adrenergic blocking agent phentolamine had little effect on the responses to isoproterenol. The ,B-blocking agents sotalol and dichloroisoproterenol both nearly obliterate the response at concentrations of 0.1 mM, with the dichloroisoproterenol inhibiting about 50% at 1 ,M. The slight stimulatory effect of dichloroisoproterenol alone is in keeping with its known property of inhibiting and stimulating , receptors. Two other clonal lines of glial tumors were studied to test the generality of the response seen with C-6. Rat glioma clone C-21 synthesizes trace quantities of the S-100 protein [0.004% -of the soluble protein (1, 9) ], while human astrocytoma clone CHB, like C-6, synthesizes large amounts (0.2%) (3) . The results are shown in Table 3 . Astrocytoma CHB responds to catecholamines by a large increase in the intracellular concentration of cAMP, and there is, in addition, a small effect of prostaglandin El. The response of rat glioma clone C-21 to catecholamines approaches the heroic magnitude of that seen with clone C-6. DISCUSSION The intracellular concentration of cAMP was found to increase strikingly upon the addition of norepinephrine or isoproterenol to three clonal glial lines derived from separate tumors. Each clone is known to synthesize the S-100 protein.
Norepinephrine has also been shown to elevate cAMP concentrations 50-to 100-fold in primary cultures of dissociated fetalrat brain (manuscript in preparation), and 5-to 20-fold in brain slices from rats (10) (11) (12) . The results suggest that the response of glial tumor cells to catecholamines is a characteristic differentiated function of certain types of normal glia. Certain neurons also probably respond to norepinephrine in this way. For example, Bloom and coworkers have shown that cAMP mimics the inhibitory effect of norepinephrine on Purkinje neurons.
Since the most obvious source of catecholamine to initiate the response is neuronal, this effect suggests a molecular mechanism for neuronal-glial communication. Another compound synthesized by neurons, 5-hydroxytryptamine, was I dl-4(2-isopropylamino-l-hydroxylethyl) methane sulfon- (14) , and such synapses and their consequences have been discussed in depth by Galambos (15) . In many ways, the above hypothesis is a restatement of the views of these investigators presented a decade ago. The relative paucity of knowledge of differentiated glial function makes discussion of potential effects of altered cAMP levels difficult. DeVellis and Inglish have, however, noted increased levels of lactate dehydrogenase (EC 1.1.1.27) in cultures of -6 24 hr after the addition of epinephrine (16) . It seems likely that cAMP mediates this hormonal effect. By analogy with bacterial and eukaryotic systems, the repertoire of cAMP action in glia could thus span the range of regulation of short-term effects on membrane parameters and enzyme activity to long-term-perhaps irreversible effects on the expression of genetic information.
(After the completion of this work, we learned that similar responses were obtained with clone C-6 by J. DeVellis 
